Introduction
Tea is one of the most popular beverages in the world. It is rich in antioxidants that help prevent various ailments such as cancer and heart diseases [1, 2] . Fresh tea leaves can be processed into either green tea (nonfermented type), oolong tea (semifermented tea), or black tea (fermented tea). Black tea is consumed throughout the world and is known for its unique taste, briskness, and flavour. Catechins are the major biochemical constituents present in tea leaves, and they are oxidized to theaflavins (TFs) and thearubigins (TRs) during fermentation [3] . TFs are responsible for the astringency, brightness, colour, and briskness of black tea [4] , and TRs contribute to the mouth feel (thickness) and colour of the tea [5] . eaflavins are composed of theaflavin (TF), theaflavin-3-gallate (TF-3-G), theaflavin-3′-gallate (TF-3′-G), and theaflavin-3,3′-gallate (TFDG).
e TFs are beneficial to human health [6] .
Fermentation is a critical stage in the manufacturing of black tea during which catechins are oxidized to TFs and TRs by the action of polyphenol oxidase (PPO) and peroxidase (POD) enzymes [7] . e time [8] , temperature [9] , pH [10] , and availability of oxygen [11, 12] during fermentation are crucial factors responsible for the formation of high levels of TFs. e plucking standards of tea leaves also influence the quality of black tea.
e TF content, colour, and sensory evaluation decreased with coarse plucking standard in clone 6/8 [13] .
In China, the consumption of black tea beverage accounted for more than 40% of the total amount (14 million tons) of tea beverage produced in 2011 [14] . e traditional black tea beverages were produced through extraction of processed black tea leaves. Recently, a novel technique was developed for the production of instant black tea powder by fermentation of fresh tea leaves [15] . is new method has the advantage of lower energy consumption and is a more controllable process that results in better quality of the products than the traditional process. In China, some factories are trying to produce instant tea powder and tea beverage with fresh tea leaves. However, this method still needs to be improved for the production of black tea beverage. e present study investigated the effect of fermentation conditions (fermentation temperature, time, and pH) and the plucking standard of tea leaves on the chemical components and sensory quality of the fermented juice.
Materials and Methods

Materials.
Fresh shoots (including one leaf and a bud (mono-leaf), two leaves and a bud (di-leaves), three leaves and a bud (tri-leaves), and four leaves and a bud (quadleaves)) from tea plants (Camellia sinensis (L.) O. Kuntze cv. Yingshuang) were harvested in June 2012 from the tea garden of the Tea Research Institute of Chinese Academy of Agricultural Sciences. ree leaves and a bud were used in the experiments for examining the influence of fermentation temperature, time, and pH on the chemical components and sensory quality of fermented juice.
Fermentation Process.
e plucked fresh tea shoots were loaded in a withering trough at the rate of 6 kg·m −2
. Ambient air was passed through the leaves for 14 h to bring about appropriate physical and chemical withering. e withered leaves (600 g), with 62% water content (w/w), were crushed with a crusher for 4 min after adding distilled water (6 L).
e mixture of crushed leaves and juice was fermented in a fermenter (Model Labfors-13L, Infors AG, Switzerland) at specific temperatures (25, 30, 35 , and 40°C) and pH (4.3, 4.7, 5.1, and 5.5) for 180 min. e pH of the fermentation system was adjusted with hydrochloric acid solution. During fermentation, oxygen gas was introduced into the fermentation system at a rate of 1.0 m 3 ·h −1
. e fermented products were sampled after specific time intervals from 0 to 180 min, and oxidative enzymes were inactivated by heating to approximately 90°C with a microwave applicator (M1-L213B, Midea Group, Guangzhou), which caused the inactivation of the enzymes responsible for the oxidation reactions. Subsequently, the product was subjected to centrifugation in a laboratory centrifuge at 10,000 rpm for 15 min in order to remove the colloidal and other suspended solid particles which cause turbidity in the tea brew. Finally, the fermented juice was prepared for analysis of chemical components and sensory quality. Fresh shoots with different plucking standards were also freeze-dried for analysis of their chemical components. Each treatment was replicated three times.
HPLC Analysis of Chemical Components in Fermented Juice.
Analyses of catechins, caffeine, gallic acid, and TFs were performed by HPLC [16] using a Model Shimadzu LC-2010A HPLC system (Shimadzu Corporation, Kyoto, Japan).
e tea infusion was filtered through a 0.2 μm Millipore filter before injection. e HPLC conditions were as follows: injection volume, 10 μL; column, 5 μm Diamonsil TM C18 (4.6 mm × 250 mm); column temperature, 40°C; mobile phase A, acetonitrile/acetic acid/water (6 :1 :193); mobile phase B, acetonitrile/acetic acid/water (60 :1 :139); gradient, 100% mobile phase A to 100% mobile phase B via linear gradient during the first 45 min and then 100% mobile phase B up to 60 min; flow rate, 1 mL·min −1 ; detector, Shimadzu SPD ultraviolet detector (Shimadzu Corporation, Kyoto, Japan) at 280 nm.
Spectrophotometric Measurements of TRs and Total Free
Amino Acids. TRs were determined using the method described by Roberts and Smith [17] , which was subsequently modified by Ngure et al. [18] . e content of free amino acids in the fermented juice was determined with the ninhydrin dying method [19] using glutamic acid as a standard.
Analysis of PPO and POD Activities.
Fresh tea leaves (0.5 g) were homogenized in 10 mL of 0.05 M phosphate buffer and 0.3 g of polyvinyl polypyrrolidone (PVPP) using a mortar and pestle at 4°C. e homogenate was left to extract at 4°C for 12 h and then centrifuged at 19000g for 15 min to collect the enzyme extracts. PPO activity was assayed according to the method of Dong et al. by evaluating the extent of oxidation of brenzcatechin [20] .
e increase in UV-Vis absorbance at 460 nm was recorded for 10 min. One unit of enzyme activity was calculated as the increase of 0.001 unit of absorbance per minute. POD activity in tea leaves was determined according to the method of Li et al. [21] . e assay mixture consisted of 0.05 M sodium phosphate buffer (pH 7.0), 0.012 M H 2 O 2 , 0.07 M guaiacol, and 0.1 mL of the enzyme solution in a final volume of 3.0 mL. e increase in absorbance at 470 nm was recorded for 4 min. One unit of enzyme activity was calculated as the increase of 0.01 unit of absorbance per minute.
Sensory Evaluation.
Fermented juices were scored by a professional team of ten experts in tea quality evaluation from the Tea Research Institute of the Chinese Academy of Agricultural Sciences. e taste and colour of the fermented juices were scored by each member of the team. e ninepoint hedonic scale was used (9 � extreme like, 5 � neutral, 1 � extreme dislike) for scoring. e scores of the taste and colour were integrated into the acceptability score [22] .
Statistical Analysis.
Results are expressed as a mean of three replicates. Analysis of variance and significant differences among means were performed with one-way ANOVA using SPSS 16.5 (IBM, Armonk, NY). Correlation analysis was also performed using SPSS 16.5.
Results and Discussion
Effect of Fermentation Time and Temperature on the Contents of Chemical Components and Sensory Quality of
Fermented Juice. During fermentation, catechins are oxidized to o-quinones (highly unstable form) by PPO, and they react to form TFs and TRs [3] . It was found that the formation of TFs increased with time during the early stages of fermentation (Figure 1(a) ). As the fermentation progressed, the concentration of TFs reached a maximum and then slowly declined. e time at which the maximum amounts of TFs had formed was defined as the optimum fermentation time for the given temperature. A similar evaluation criterion of optimum fermentation was also reported in black tea manufacture [23, 24] . e contents of TFs were found to have good correlation coefficients with taste quality [23] , and the quality of Turkish black tea was also related to the contents of TFs [24] . ese experimental results showed that the optimum fermentation time under different fermentation temperatures was variable. When the fermentation temperature was decreased, the optimum fermentation time was delayed. e optimum fermentation time at 40, 35, 30, and 25°C was 45, 60, 75, and 75 min, respectively. e significant relationship between fermentation time and temperature and the influence of these parameters on the formation of TFs and the sensory quality of black tea have been previously reported [9] . Maintaining a low fermentation temperature and short time ensured lesser conversion of (-)-epicatechin gallate (ECG) and (-)-epigallocatechin gallate (EGCG) and favoured the formation of simple theaflavins [9, 25] . In this study, the concentration of TFs in fermented juices processed at 30 and 35°C was higher than that in the fermented juice processed at 40°C. So, lower temperatures (25-35°C) may be more suitable for the formation of TFs in the fermented juice.
Increasing the fermentation temperature can increase the rate of enzymatic oxidation which may lead to a faster depletion of all catechins. During fermentation, the concentrations of catechins in fermented juice gradually decreased (Figure 1(c) ), although the rate of this decrease was different at different temperatures. When the fermentation temperature was increased, the concentrations of catechins in fermented juice decreased faster. ese changes were similar to those observed in traditional black tea fermentation; that is, TFs are continuously formed or oxidized during fermentation, and the oxidation of TFs becomes predominant as the substrate catechins are oxidized [26] .
e formation of TRs was also found to be influenced by the fermentation temperature and time (Figure 1(b) ). Oxidative degradation of TFs and polymerization of the degradation products resulted in the formation of thearubigins (TRs) [27] . e formation of TRs increased with time during the early stages of fermentation. As the fermentation progressed, TRs reached a maximum and then declined slowly. However, the time at which TRs reached the maximum value was later compared to TFs. However, the decrease in the amount of TFs was more rapid than that of TRs, and while ca. 70% of the TFs decreased during the second stage (90-180 min) of the fermentation, only 35% of the TRs underwent degradation in the same time. Figure 1(d) shows the overall acceptability of the fermented juices during fermentation at different temperatures. During the first stage (0-75 min) of the fermentation, the scores of overall acceptability increased sharply and then decreased gently during the rest of the fermentation process. e top scores of overall acceptability are influenced by the temperature and time of the fermentation. e fermented juices at 35°C had the highest scores, followed by the scores at 30 and 40°C, while the score at 25°C was the lowest. When the maximum scores of overall acceptability for various fermentation temperatures were compared, it was obvious that the optimum fermentation time was shorter at higher temperatures than that at lower temperatures. e fermentations performed at 30 and 35°C resulted in juices which had the best sensory quality at 90 and 75 min of fermentation time, respectively. While the concentrations of TFs (r � 0.84, p < 0.01) were found to be highly positively correlated to the overall acceptability scores of the fermented juices, the TRs/TFs values (r � −0.59, p < 0.05) were negatively correlated to the scores. A high overall acceptability score of the fermented juices showed TRs/TFs in the range of 8-10, which was less than the range of 10-12 for excellent black tea [28] . Ideal fermentation produces a proper balance between the concentrations of TFs and TRs, and these substances of the fermented juice are responsible for its liquoring characteristics [15] . Based on the overall acceptability and chemical index (concentration of TFs), the optimum temperature and time of fermented juices for black tea beverage were concluded to be 35°C and 75 min, respectively.
Effect of pH on the Contents of Chemical Components and Sensor Quality of Fermented Juices.
e pH value may be an important factor that influences the formation of TFs during the fermentation process. Cloughley and Ellis [10] reported that adjusting the pH value of fermenting tea leaves from the physiological status (∼pH 5.5) to pH 4.5-4.8 resulted in an increase in the content of TFs and a decrease of TRs, which is sufficient to increase the score of the organoleptic evaluation of central African black tea. Mao et al. [29] have reported that the pH value (4.0-7.0) of the fermentation system showed remarkably negative correlation to TFs (r � −0.967, p < 0.01) and TRs (r � −0.864, p < 0.01). Based on the experiments in this study, a lower pH benefited the formation of TFs and simultaneously restricted the formation of TRs (Table 1) . By increasing the pH value from 4.3 to 5.5, the content of TFs decreased gradually from 0.24 mg·mL −1 to 0.16 mg·mL
, while the content of TRs increased from 0.92 mg·mL −1 to 1.42 mg·mL −1 in fermented juices. e highest score of overall acceptability was obtained at pH 5.1 even though the TF content was not at the highest level. e lower overall acceptability score at lower pH was mainly due to the higher content of remaining catechins which might also increase the astringency, especially (-)-epicatechin gallate (ECG) and (-)-epigallocatechin gallate (EGCG) [10] .
Effect of the Plucking Standard of Tea Leaves on the Content of Different Chemical Components and Sensory
Quality of Fermented Juice. Fresh tea leaves with different plucking standards were fermented in order to evaluate their effect on the contents of chemical components and sensory quality of fermented juice. Table 2 shows the results. e overall acceptability scores of the fermented juices made of samples of mono-leaf or di-leaves were much lower than those of the fermented juices derived from samples of triand quad-leaves. However, there was no significant difference in the overall acceptability score between the fermented juices of the latter two samples. e contents of catechins, amino acids, and caffeine in the fermented juices made from the samples of mono-leaf to quad-leaves generally tended to decrease while the contents of TFs in the fermented juices increased. Furthermore, there were high positive correlations between the overall acceptability scores and the content of TFs (r � 0.98, p < 0.01).
TFs are the components of black tea infusion that have a significant influence on the quality of black tea [30] . e different monomers of TFs, including TF, TF-3-G, TF-3′-G, and TFDG, are formed by different parent flavanols [31] ; that is, TF is obtained from (-)-epicatechin (EC) and Significant differences at the level p < 0.05.
(-)-epigallocatechin (EGC), TF-3-G from EC and EGCG, TF-3′-G from ECG and EGC, and TFDG from ECG and EGCG. In the fermented juices, TF was the major compound of all TFs (Figure 2) , accounting for about 50% (46.3-61.1%) of the total TFs, which was much higher than the amounts of TFDG (12.3-24.3%) and TF-3-G (18.1-21.3%), while TF-3′-G was only 6.6-10.2% of the total content of TFs. Fermented juices made of the samples of tri-and quad-leaves contained a higher proportion of TF (59.2% and 61.1%, resp.), compared with those from the samples of mono-leaf and dileaves. Table 3 shows the constituents of catechins in the fresh tea leaves of different plucking standards. In the fermentation juices made of mono-leaf to quad-leaves, the contents of EGCG and ECG decreased, while the content of EGC increased. e high contents of EGC and EC in tri-and quad-leaves are likely responsible for the high TF content in the fermented juice since TF is formed from EC and EGC.
During fermentation, catechins are oxidized by PPO and POD to form TFs and TRs [7] . e different contents of TFs in fermented juices are a result of the activities of enzymes (PPO and POD) and the constituents of catechins. Based on the data in Figure 3 , it is evident that the PPO and POD activities of fresh tea leaves gradually decreased from the samples of mono-leaf to quad-leaves, although there was no significant difference between the samples of tri-leaves and quad-leaves in this regard. e lower POD activities in older fresh tea leaves of the samples of tri-leaves and quad-leaves limited the oxidation of TFs and retained higher concentration of TFs in fermented juices. However, the amount of TFs in fermented tea juice was not significantly influenced by the activity of PPO. Consequently, the fermented juices made of the samples of tri-leaves and quad-leaves exhibited higher contents of TFs than those of the samples of monoleaf to di-leaves.
Conclusion
e present study investigated the effect of fermentation conditions and the plucking standard of fresh tea leaves on the chemical components and sensory quality of fermented juice. On the basis of the analyses of the chemical components and the overall acceptability of fermented juices, the optimum parameters for the fermentation process were Significant differences at the level p < 0.05.
determined to be a temperature of 35°C, time duration of 75 min, and pH 5.1. One bud and three leaves (tri-leaves) and one bud and four leaves (quad-leaves) were better materials for the production of fermented juice than one bud and one leaf (mono-leaf) and one bud and two leaves (di-leaves). ese results provide the practical information for processing fermented tea juice, which is used for the production of black tea beverage by fermentation of fresh tea leaves. Tea processors can process fermented juice with higher TFs and better sensory quality than black tea processed with conventional methods.
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